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Multiple sequence motifs are involved in SV40 enhancer function
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A systematic mutagenesis of the SV40 enhancer indicates that
it spans - 100 bp and is composed of at least two distinct DNA
domains which exhibit very little enhancing activity on their
own. Their association results in a 400-fold enhancement of
transcription, virtually irrespective of their relative orienta-
tion and, to some extent, of the distance between them.
Enhancer activity can also be generated by duplication of
either domain. We show also that the activity of each domain
is due to the presence of several specific sequence motifs.
These motifs are found assorted in different combinations in
other viral and cellular enhancers.
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RNA polymerase B(ll)/simian virus 40

1983; Lusky et al., 1983; Hearing and Shenk, 1983; Veldman
et al., 1985). However, such enhancer consensus sequences occur
in DNA segments without enhancer properties, and enhancer
activity can be generated by duplicating DNA sequences without
enhancer activity on their own (Weber et al., 1984; Swimmer
and Shenk, 1984), thus questioning the real functional significance
of these consensus sequences.

Therefore, we decided to determine, at the nucleotide level,
the DNA sequences essential for the activity of the prototype
SV40 enhancer. Systematic deletions and point mutations have
been constructed throughout the enhancer region and their ef-
fect on SV40 early transcription investigated in vivo, using a tran-
sient expression assay in HeLa cells. We show here that the SV40
enhancer encompasses a large DNA segment of - 100 nucleo-
tides containing the 72-bp sequence, but also extending further
upstream. Furthermore, the present study reveals that the enhan-
cer is composed of at least two distinct DNA domains which
exhibit very little enhancing activity on their own. However, their
association results in a dramatic 400-fold enhancement of tran-
scription, virtually irrespective of their relative orientation and,
to some extent, of the distance between them. Enhancer activity
can also be generated by duplication of either domain. In addi-
tion, we show that the activity of each domain is due to the
presence of several specific sequence motifs. Various assortments
of these motifs are found in other viral and cellular enhancers,
suggesting that enhancers are mosaics of a limited number of
basic evolutionary related sequence motifs.

Introduction
Enhancers, originally identified in SV40 (Moreau et al., 1981;
Banerji et al., 1981) are cis-acting DNA segments which
dramatically stimulate transcription from RNA polymerase class
B (II) homologous and heterologous promoters, in an orientation-
independent manner and over long distances. Many other viral
and several cellular enhancers have since been described (for
reviews and references, see Chambon et al., 1984; Yaniv, 1984;
Gruss, 1984; Wasylyk, 1985; Serfling et al., 1985; Khoury and
Gruss, 1983). In contrast to the SV40 enhancer, which is active
in a variety of different cell lines, some enhancers exhibit a pro-
nounced host cell preference (De Villiers and Schaffner, 1981;
Laimins et al., 1982; Kriegler and Botchan, 1983), and strict
cell lineage specificity is associated with cellular enhancers, most
notably immunoglobulin gene enhancers (Banerji et al., 1983;
Gilles et al., 1983; Neuberger, 1983; Picard and Schaffner, 1984;
Queen and Baltimore, 1983 and references therein).

Recent in vivo (Scholer and Gruss, 1984; Mercola et al., 1985)
and in vitro (Sassone-Corsi et al., 1984, 1985; Wildeman et al.,
1984; Sergeant et al., 1984) studies have indicated that transcrip-
tional enhancement involves the interaction of enhancers with
specific trans-acting factor(s). Although different enhancers do
not share extensive sequence homologies, short and degenerate
consensus sequences have been pointed out (Chambon et al.,
1984; Weiher et al., 1983; Hen et al., 1983; Nordheim and Rich,

Results
Assay for enhancer activity
We have studied the activity of the SV40 enhancer in its natural
position within the early promoter region and in selected cases
when separated by 600 bp from the other promoter elements.
However, as the activity of the SV40 early promoter is
autoregulated by one of the products of the SV40 early transcrip-
tion unit (large T-antigen, see Tooze, 1982 for references), a
SV40/,B-globin recombinant has been constructed (pAO, Figure
IA) in which the T-antigen coding sequences have been replac-
ed by the coding sequences of the rabbit ,3-globin gene. In this
construction, initiation of transcription occurs exclusively from
the SV40 early promoter and the amount of (-globin RNA syn-
thesized in a transient expression assay directly reflects the
transcriptional activity of the SV40 early promoter in the absence
of DNA replication and repression by T-antigeh (Wasylyk et al.,
1983a; Baty et al., 1984 and data not shown). Unless otherwise
stated, the wild-type sequence of the early promoter region was
modified in the pA-type recombinants by deleting exactly one
of the two 72-bp repeated sequences (from positions 107 to 178,
see Figures 1A and 2A) and by generating a BamHI site precisely
at the junction (position 101) between the 72-bp sequences and
the 21-bp repeat region (pAO in Figures 1A and 2A). This
'BamHI' mutation does not affect the activity of the early pro-
moter and the presence of one copy of the 72-bp sequence con-
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Fig. 1. (A) Structure of the basic recombinant pAO which contains the SV40 early promoter region from HpaH (346) to HindIm (5171) cloned in front of the
coding sequences of the rabbit ,B-globin gene [Pvull fragment, from position -9 to + 1650 (van Ooyen et al., 1979), double line, intron and exon sequences
are indicated by open or black boxes, respectively] in pBR322 (single line) between EcoRI (4361) and PvuII (2066) sites. Cloning restored the HindIII site at
SV40 position 5171 (BBB system, see references Tooze, 1982) and destroyed the PvuII sites at both ends of the ,B-globin gene. Some SV40 DNA restriction
sites, the 72-bp sequence, and 21-bp repeat region, the TATA box, the EES and LES (Wasylyk et al., 1983a; Baty et al., 1984), are indicated. A BamHI site
was engineered at position 101, at the junction between the 72-bp sequence and the 21-bp repeat region (see Grundstrom et al., 1985 and also Figure 2A);
this BamHI site is contained in all pA-type recombinants (unless otherwise indicated) and does not affect the SV40 early promoter activity (data not shown).
All recombinants of the pA series with a number beyond 100 (see below) have the BamHI site in the rabbit ,B-globin gene (position 476) destroyed by 'filling
in' with Escherichia coli DNA polymerase (Klenow fragment) which leaves transcription from the SV40 early promoter and mRNA stability unaffected (data
not shown). (B) and (C) Determination of transcriptional activity of the SV40 early promoter. The amount of RNA synthesized from the SV40 early promoter
in the pA-type recombinants after transient expression in HeLa cells was determined by quantitative S1 nuclease mapping. (B) Part of the recombinant pAO
with the SV40 promoter region (EcoRI to HindIH, single line) cloned in front of rabbit /3-globin coding sequences (double line). EES and LES represent
single-stranded probe fragments (see below) of 130- 137 and 164- 178 nucleotides in length, respectively, protected against SI nuclease digestion by RNA
initiating at the SV40 EES or LES, respectively. (C) Part of the recombinant p3(244+),B (De Villiers and Schaffner, 1981) used as reference gene in the
transient expression assay. The TATA box and start site of the ,B-globin gene (double line) are indicated, as well as the polyoma virus enhancer (py). The
same single-stranded DNA probe as in (B) was used for quantitative SI nuclease mapping of RNA initiating at the globin cap site, yielding a protected DNA
fragment of 60 nucleotides in length (Glob). (D) and (E) Quantitative SI nuclease analysis of RNA synthesized by various enhancer mutants. (D) Effect of the
scanning point mutations present in pAl -pA13 and pA20-pA28 (see text and Figure 2A). EES and LES correspond to RNA transcribed from the SV40
early promoter and GLOB to RNA transcribed from the co-transfected reference recombinant (see text and B and C). Lane M: size markers (in nucleotides),
32P 3' end-labeled MspI digest of pBR322. (E) Effect of point mutations when the enhancer has been transposed 600 nucleotides away from the remaining
part of the SV40 early promoter. Three independent experiments are shown. pA73 has been constructed by inserting 600 nucleotides of pBR322 sequence
(BamHI-NruI fragment, position 375 -971) in the BamHI site of pAO (position 101, A). This was carried out by adding a BglII linker at position 973 of
pBR322, inserting the resulting BamHI-Bgll fragment at the BamHI site of pAO, and selecting clones which restore the BamHI site proximal to the enhancer
(a XAoll site is created at the other end of the insert). pA77, pA79, pA80 and pA81 (Table I) are derivatives of pA73 containing the deletion of pA62 or the
point mutations of pA6, pA12 or pA26, respectively (Figure 2A). pA51 is described in Figure 2A. Autoradiography was for 2 weeks. The lower panel shows
a shorter exposure of the same gel used for measuring the signal from the reference gene. EES, LES and GLOB are as in D.

siderably facilitates the mutagenesis of the enhancer, while
decreasing its activity by only -3-fold (see below).
The effect of the various enhancer mutations was measured

by quantitative SI nuclease analysis of RNA synthesized during
transient expression in HeLa cells (Figure iB, C, D and E; in
all cases the amount of specific RNA synthesized was propor-
tional to the amount of transfected recombinant). The protected
probe DNA sequences EES and LES correspond to mRNA in-
itiating at the early-early and late-early start sites of the SV40
early-early and late-early overlapping promoters, respectively (see
Wasylyk et al., 1983a; Baty et al., 1984). By densitometric scan-
ning of autoradiograms corresponding to different exposures of
the same gel, signals three orders of magnitude lower than those
of wild-type transcription could be measured (see Figures ID,
E and 3). Transcription from an internal reference recombinant
[rabbit a globin gene in p3(244 +)f (De Villiers and Schaffner,
1981), Figure IC], co-transfected in all experiments, yielded a
signal (GLOB in Figures ID, E and 3) whose intensity was used
to correct for variations in transfection efficiencies. The effect
of enhancer mutations on variations in RNA initiated at the LES
have not been systematically studied here, but appear to follow
closely those of RNA initiated at the EES (see Figures ID, E
and 3), as expected from previous studies (Wasylyk et al.,
1983a).

The size of the enhancer is at least 100 bp
To delineate the DNA sequences required for enhancer activity,

we first constructed a series of deletion mutants using both natural
and engineered restriction sites (Figure 2A). When sequences
in the 5' moiety and upstream of the 72-bp sequence are deleted
(pA223, pA233, Figure 2A), transcription is dramatically
decreased (0.5% and 2%, respectively). Deleting sequences in
the 3' portion of the 72-bp sequence (pA62, pA234, Figure 2A)
also results in a marked decrease in transcription (7% and 3.5%
respectively), demonstrating the importance of both moieties of
the 72-bp sequence for efficient early transcription.
To investigate whether sequences located further upstream from

the 72-bp sequence are required for enhancer function, a Bgll
site was engineered at the 5' boundary of this sequence (pA35,
Figure 2A), which by itself diminishes transcription by 3-fold.
Deletion of all SV40 sequences 5' to the Bgff site (pA104, Figure
2A) results in a 30-fold reduction of transcription, which unam-
biguously demonstrates that sequences beyond the 72-bp sequence
are required for enhancer function. Transcription is not
significantly affected by deleting the SV40 sequences upstream
from the KpnI site (pA53), but is reduced by 2-fold when the
deletion extends further downstream to position 284 (pA260,
Figure 2A). Thus by comparing pA104, pA260 and pA53, we
conclude that sequences located between positions 256 and 284
are very important for enhancer activity, with sequences further
upstream (position 284-300) stimulating transcription an addi-
tional 2-fold. Surprisingly, when sequences located between posi-
tions 255 and 298 are removed in the internal deletion mutant
pA54 (BglH-KpnI deletion), transcription is not more affected
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than in pA35, which contains the engineered BglII site used to
generate the deletion. It appears, therefore, that sequences located
upstream from position 298, which have very little enhancer ac-
tivity by themselves (see the deletion mutants pA56, pA270 and
pA 103 in Figure 2A), can functionally substitute for the 256-284
sequences when these are deleted. However, in the absence of
deletions within the main body of the enhancer, these potential
enhancer sequences are clearly not required for full enhancer ac-
tivity (see pA53 in Figure 2A), at least under the present assay
conditions.

Thus, the present analysis of a series of deletion mutants
(Figure 2A and data not shown) localizes the essential SV40
enhancer sequence between positions 179 (107) and 284, whereas
auxiliary DNA sequences located further upstream between posi-
tions 284 and 346 increase enhancer activity by an additional
2-fold [compare pAO (100%) with pA270 (0.2%) and pA260
(46%) in Figure 2A]. Transcription is stimulated - 1000-fold
when all SV40-specific sequences located upstream from the
21-bp repeat region are present up to position 346 (see pA51,
pA52 and pA101 in Figure 2A and pA51 in Figure lE). Since
deleting one 72-bp sequence results in an -3-fold decrease in
enhancer activity (see below), the overall stimulation of transcrip-
tion brought about by the enhancer element in its natural SV40
early promoter environment is 3000-fold.

The enhancer contains multiple sequence motifs
A systematic series of clustered point mutations was generated
throughout the essential enhancer region (position 179-284) to
determine at the nucleotide level which sequences are required
for enhancer activity. In view of their auxiliary role (see above)
the sequences located further upstream from position 284 were
not considered in the present point mutation scanning analysis.
Clusters of three neighbouring nucleotides were mutated simul-
taneously in vitro by generating non-complementary transversions
(A= C, G=T), using either M13 oligonucleotide-directed
mismatch-primer mutagenesis or the 'shot-gun' ligation techni-
que (Grundstrom et al., 1985). After sequencing, the mutated
enhancer sequences were cloned into the expression vector pAO,
yielding the recombinants pAl -pA34 (Figure 2A), which were
analyzed for transcriptional activity. Two autoradiograms cor-
responding to such quantitative Si nuclease analyses are shown
in Figure ID; the results are summarized in Figure 2A, where
transcription originating from the EES of the SV40 early pro-
moter in the pAl -pA34 mutants is plotted relative to wild-type
pAO transcriptional activity. For each mutant the bar represents
the average value of at least three independent transfection ex-
periments using at least two different plasmid DNA preparations,
after correction for transcription from the co-transfected reference
recombinant (GLOB in Figure ID, see above).

Mutations detrimental to enhancer activity are scattered
throughout the entire DNA segment analysed and none of the
scanning mutations abolishes enhancer function; no single scan-
ning mutation reduces transcription by >6-fold (pA12). It is
unlikely that a sequence important for enhancer activity has not
been detected because the appropriate mutation has not been
made. For example, two alternative mutations at positions
246-244 changing the sequence TGG to CAA (pA12b) and ACC
(pA12c) decrease transcription to 35% and 15%, respectively,
compared with 12% for pAl2. Furthermore, the mutations
generating a XhoI site at position 226 (pA204, 63 %, Figure 2A),
which change a cluster of three C residues to GAG, affect
transcription to the same degree as the corresponding scanning
mutation pA18 (CCC-AAA, 75%). Additional examples are

discussed below (Figure 2B). The scanning mutant pAl 1, which
is located in the center of an essential enhancer element (GT-
motif I, see below) and does not severely affect transcription,
may be an exception, because this mutation generates the se-
quence GGTGTTGG, leaving TG-motif I (see below) virtually
unaffected.
To investigate whether the various scanning mutations iden-

tify sequences with genuine enhancer properties, we have also
studied their effect when the enhancer element is separated from
the remaining SV40 early promoter elements by 600 nucleotides
of pBR322 sequence. In agreement with a previous report
(Wasylyk et al., 1984), this 'spacing' results in a 30-fold decrease
in enhancer activity (Figure IE and Table I, pA73 versus pAO).
Three point mutations (pA6, pA12, pA26) situated at key posi-
tions within the SV40 enhancer and mutant pA62, in which the
3' end portion of the 72-bp sequence is deleted (Figure 2A), were
chosen for this study. As shown in Figure IE and summarized
in Table I, these mutations have the same relative detrimental
effect on transcriptional activity, irrespective of the enhancer loca-
tion, confirming that they affect enhancer sequences.
The point mutation scanning analysis reveals several regions

important for enhancer function. One of these is defined by
mutants pA21-pA30 (positions 219-190, Figure 2A) and con-
tains a direct repetition of the sequence 5'-AAGC/TATGCA-3'
at positions 207-199 and 216-208 (Figure 2A and B), called
hereafter the 'Sph-motifs I and II', since the 3' repeated sequence
harbours the SphI site. Equivalent bases of these repeated DNA
sequences are located nine nucleotides apart which, assuming a
B-DNA-like DNA structure, corresponds to approximately one
DNA helical turn (by using different plasmid DNA preparations
in several independent transfection experiments, we have
repeatedly found that pA24 has a transcriptional activity close
to wild-type, see Figures ID and 2A).
A second region important for enhancer furnion, which is defined

by mutants pA3 -pA18 (positions 273-226), consists of sequences
located both within and upstream from the 72-bp sequence. The
repeated sequence 5'-GC/GTGTGG-3', which belongs to a longer
repeated sequence 5'-GC/GTGTGGAAA/TGT-3' (called hereafter
the GT-motifs I and II, Figure 2A and B), appears to be an essen-
tial motif of this enhancer region (see mutants pA3 -pA6, pA10
and pA12). These two GT-motifs are located 23 nucleotides apart,
which corresponds to approximately two DNA helical turns. We
also note that the GT-motif I is followed by a repetition of the
motif 5'-TCCCCAG-3' (TC-motif), whose equivalent bases are
nine nucleotides apart, but that only mutations within the more
upstream (positions 239-233) of these two motifs appear to effic-
iently decrease transcriptional activity (pA15). Note that the muta-
tion present in pAl generates an additional TC-motif, which is
apparently accompanied by an increase in transcription.

It has been suggested that two clusters of alternating purine
and pyrimidine residues (positions 265-258 and 205-198,
Figure 2B) are important sequence features for SV40 enhancer
function, because they have the potential to form Z-DNA struc-
tures (for references, see Nordheim and Rich, 1983; Azorin and
Rich, 1985). The present scanning mutation analysis indicates
that these alternating purine-pyrimidine motifs do in fact belong
to important sequence elements of the SV40 enhancer (see
mutants pA5, pA6, pA7, pA25, pA26 and pA27, Figure 2A).
To address the question of whether the alternation of
purine/pyrimidine residues per se is important for enhancer ac-
tivity, transition mutants were constructed in which this alterna-
tion is conserved (pA215, pA216, Figure 2B). It is clear that
transition mutations in either motif, as well as a combination of
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transition mutations in both motifs (pA217), are as detrimental
to enhancer function as the corresponding transversion mutations
(pA6, pA26 and pA90, Figure 2B). Furthermore, when the
sequence at positions 205-198 is mutated to either alternating
GC or GT residues (pA218 and pA219 respectively, Figure 2B)
the enhancer activity is also decreased. These results clearly
demonstrate that the contribution of the two motifs containing
the alternating purine-pyrimidine residues to enhancer activity
cannot be simply ascribed to their potential to form Z-DNA
structures.
As each individual cluster of point mutations affects the SV40

enhancer only to a moderate extent (Figure 2A), combinations
of clusters of point mutations situated at key positions within the
enhancer were constructed (pA91-pA94, Figure 2B). Because
the GT-motifs may not be sufficiently modified by the G T
transversions which were used to create the scanning mutants,
we constructed the point mutants pA91 and pA92, in which the
sequences G/CTGTG (positions 272-268 and 249-245) are
replaced by a cluster of five A residues (Figure 2B). Analysed
individually, both mutations (pA91 and pA92) diminish enhancer
activity (Figures 2B and 3A) to the same extent as the correspon-
ding scanning mutations (pA4, pA5 and pA12, respectively, in
Figure 2A). However, a combination of the mutations present
in pA91 and pA92 (pA93, Figures 2B and 3A) affects the
transcriptional activity much more dramatically than either of
them. It is also important to stress that the enhancer activity is
decreased to 8% in pA93, even though the two altemating purine-
pyrimidine motifs are intact. Note that a similar decrease was
obtained by combining clusters of point mutations located ex-
clusively in these two motifs: pA6 and pA26 in recombinant pA90
(Figures 2B and 3), and pA215 and pA216 in recombinant pA217
(Figure 2B). The most dramatic decrease in transcription
(-200-fold reduction) was obtained by combining the cluster
of point mutants present in pA91, pA92 and pA26 in recombi-
nant pA94 (Figures 2B and 3). This finding is particularly strik-
ing, considering that pA94 retains the entire SV40 enhancer
sequence except for the point mutations introduced, but yet has
a transcriptional activity reduced to approximately the same ex-
tent as recombinants having the entire enhancer element deleted
(pA56 and pA270 in Figure 2A). Thus, abolishing enhancer activ-
ity requires multiple mutations at specific positions within the
enhancer, which supports the idea that the SV40 enhancer repre-
sents a large DNA segment composed of multiple important

sequence motifs, all of them being required for maximal enhancer
activity.

Two independent enhancer domains
The deletion and point mutation scanning analysis reveals two
broad regions A and B (positions 219-190 and 273-226,
respectively) important for enhancer function, each of which on
its own exhibits a low, but still significant, enhancing activity
(pA233 and pA234, Figures 2A and 4). To investigate whether
the dramatic increase in transcriptional activity generated by their
juxtaposition depends critically on their relative location, we have
examined the effect of inserting DNA segments of various lengths
between these two regions (at the XhoI site engineered at posi-
tion 226, pA204, Figures 2A and 3B). The insertion of 4 bp
(pA205, Figure 3B and Table II), which separates regions A and
B by nearly half a DNA helical turn, has little effect on enhancer
activity (77% of the parental pA204). Similarly, insertions of
either 12, 18 and 58 nucleotides (pA206, pA207 and pA249, res-
pectively, Figure 3B and Table II) or a deletion of 9 bp in this
region (positions 224-232) (data not shown) have small effects
on the enhancer activity. Thus enhancer function apparently does
not require a close juxtaposition nor a precise stereospecific align-
ment between the two enhancer regions A and B, which appear
to behave as individual domains, even though they functionally
cooperate to generate the enhancer activity. Insertions of longer
fragments (pA250, pA251, pA252, in Figure 3 and Table II)
result in a strong decrease in enhancer activity. This observa-
tion excludes the possibility that domain B may represent the
enhancer, whose activity would be insensitive to 'distance', and
that domain A corresponds to an 'upstream' promoter element
with an activity sensitive to 'distance'. Note that the residual
enhancer activity is still significantly higher in the mutant con-
taining a 325-bp insert (pA251) than in a recombinant which is
devoid of all SV40 sequences upstream from region A (pA223
in Figures 2, 3B and 4).
To investigate further the physical independence of domains

A and B, we used the XbaI site engineered at position 278
(pA2 11, Figures 2 and 4), which either alone or in combination
with the XAoI site at position 226 (pA212, Figures 2B and 4)
does not affect enhancer activity. Isolated domains A (pA223,
Figure 4, see also Figure 3B) and B (pA224, Figure 4) stimulate
transcription by 4- to 8-fold over the basal level of transcription
observed in the absence or any enhancer sequence (pA101 in

Fig. 2. Effect of deletion and point mutations within the enhancer region on transcription initiating from the EES of the SV40 early promoter. All results are
expressed relative to pAO, taken as 100%. The sequence of the SV40 enhancer region of wild-type SV40 containing only one copy of the 72-bp sequence
position 107- 178 or 179-250, boxed in (A) cloned in the recombinant pAO (Figure IA) is shown, as well as the engineered restriction sites. Some naturally
occurring restriction sites, the GT-motifs I and II (solid lines, I and II), the Sph-motifs I and II (double lines I and II) and the P-motif [single line, P in (A)]
are indicated (see text). (A) In the upper part of the figure the mutations present in mutants pAl -pA34 are shown and lined up with their relative
transcriptional activity as measured by quantitative S1 nuclease mapping (Figure lB and C, e.g., ID) after transient expression in HeLa cells. The lower part
shows various deletion mutants with the extent of the deletions indicated by dots (the position of the first and last deleted nucleotide is given); their
transcriptional activity is indicated in parentheses relative to pAO. These values which represent the average (-+20%) of at least three independent transfection
experiments with different plasmid DNA preparations were obtained by densitometric scanning of autoradiograms similar to those shown in Figures ID, E and
3 and exposed for various times. pA35, pA54 and pA59 contain a BglI site at position 251 generated by changing wild-type SV40 sequence at position
254 -251 to 5'-ATCT-3' using mismatch-primer mutagenesis (Grundstrom et al., 1985). All the other recombinants contain a BamHI site at position 101 as
described above (Figure IA). pA52, pAI01, pAI04, pA223, pA233, pA260 and pA270 contain part of the polylinker region of M13mpl2 (Kahn et al., 1984)
from EcoRI to BamHI (pA52, pA101, pA104), from EcoRI to XwoI (pA223), from XbaI to XhoI (pA233), from EcoRI to XbaI (pA260), and from XbaI to
BamHI (pA270), respectively, in place of the deletion. The small polylinker region replacing the SV40-specific DNA sequences deleted in pA103 (position
179-293) is identical to that present in the corresponding M13 derivative M13mp9Al02 as described elsewhere (Grundstrom et al., 1985). pA51 combines
the deletions of pA53 and pA103 in one construct. The scanning point mutants pAl to pA34, pA12b and pA12c as well as recombinants pA204, pA211 and
pA213 have been constructed by in vitro mutagenesis using either mismatch-primer mutagenesis or the 'shot-gun ligation' technique essentially as described
elsewhere (Grundstrom et al., 1985). The sequence of all recombinants was confirmed by DNA sequencing. (B) Effect of multiple point mutations in the
SV40 enhancer. The two stretches of alternating purine/pyrimidine (positions 198-205 and 258-265) are boxed with dashed lines. The various mutants have
been constructed by 'shot-gun ligation' as described (Grundstrom et al., 1985) and contain the mutations as indicated. TV and TS represent transversion and
transition mutants, respectively. pA218 and pA219 contain the mutations of pA204 and pA211 (see A) which generate a XhoI site (position 226) and a XbaI
site (position 278), in addition to the mutations at position 198-205. The transcription efficiency, as determined from the amount of RNA initiated at the
EES on autoradiograms similar to that shown in Figure 3A, is expressed relative to pAO.
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Fig. 3. (A) Quantitative SI nuclease analysis of RNA synthesized by the
multiple point mutants pA90 to pA94 (Figure 2B). (B) Effect of inserting
spacers of increasing length between enhancer domains A and B. The
structure of the recombinants pA204, pA213 and pA223 is shown in Figure
2A; recombinants pA205 -pA207 and pA250- pA252 are described in
Table II. pA214 was obtained by 'filling in' the SalI site (position 257) in
pA213 (Figure 2A) using DNA polymerase I (Klenow fragment). EES, LES
and GLOB are as indicated in legend to Figure ID and E. The lower panels
show a longer exposure of the same autoradiograms.

Table I. The relative effect of mutations within the enhancer is independent
of 'distance'

Natural position At a distance of 600 bp
Recom- Relative transcription Recom- Relative transcription
binant (%) binant (%)

pAO 100 pA73 3.3 [2.8,3.2,4.0] (100)
pA6 35 [28,34,42] pA79 0.52 [0.26,0.76,0.54] (16)
pA12 17 [18,18,14] pA80 0.23 [0.23,0.19,0.28] (7)
pA26 40 [45,40,34] pA81 0.77 [0.51,0.74,1.06] (23)
pA62 7 [6.5,6.0,8.0] pA77 0.30 [0.37,0.25,0.28] (9)

The effects of mutations affecting enhancer activity are compared when the
enhancer is situated either in its natural position within the SV40 early
promoter (pAO, pA6, pA12, pA26 and pA62, see Figure 2A) or separated
from the 21-bp repeat region by a spacer of 600 nucleotides of pBR322
sequence (pA73, pA79, pA80, pA81 and pA77, respectively; for the
construction of these recombinants see Figure IE). The experiment was
performed in triplicate (see Figure IE) using three different DNA
preparations (the individual values are bracketed). The values correspond to
the amount of RNA initiated at the EES (determined by quantitative SI
nuclease analysis), expressed relative to pAO, taken as 100%. The numbers
in parentheses on the right hand side correspond to the transcription of
pA79, pA80, pA81 and pA77, expressed relative to pA73, taken as 100%.

Figure 2A, whose transcription is 0.1 % of wild-type). Note that
there is an additional 4- to 6-fold increase of this activity when
the EcoRI-XbaI region is present (pA233 and pA234, Figure 4),
which supports the conclusion that this region possesses some
potential enhancer activity (see above).
The fact that the SV40 enhancer is known to stimulate tran-

scription irrespective of its orientation (Moreau et al., 1981;
Banerji et al., 1981; Wasylyk et al., 1983b; see also pA301,
pA306, pA201 and pA308 in Figure 4), prompted us to investi-
gate whether domains A and B can also function bidirectionally,
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Fig. 4. Effect of rearrangement of enhancer domains A and B. The SV40
enhancer region of pAO from EcoRI (position 346) to BamHI (position 101)
is depicted at the top of the figure. Enhancer domains A and B encompass
sequences from BamHI to XhoI (position 101-226, open box) and from
XhoI to XbaI (position 226-278, filled box), respectively (see Figure 2A).
The arrows indicate the relative orientation of the two domains within the
wild-type and rearranged enhancer. The various recombinants were
constructed using synthetic linkers and adaptors, taking advantage of
restriction sites engineered in the SV40 enhancer region: XhoI site (position
226, pA204); XbaI site (position 278, pA21 1); combination of both sites
(pA212) (Figure 2A and B). Two classes of recombinants with or without
the sequences further upstream from the XbaI site up to the EcoRI site
(position 278-346) were constructed (with Eco-Xba and without Eco-Xba
region, respectively). The coordinates of the extremity of the rearranged
segments are indicated. For all recombinants the predicted sequence was
confirmed by DNA sequencing; these data and a detailed description of the
cloning procedure are available upon request. The -inversions in
recombinants pA201, pA202 and pA203 (position 179 -271, 238 -274 and
178 -218, respectively) were constructed by using 'shot-gun ligation'
(Grundstrom et al., 1985). The same technique was employed to construct
the XhoI/BamHI DNA segment harboring part of the polyoma virus
enhancer [Py(ElA), position 5090-5137, see Tyndall et al., 1981] in
recombinants pA400, pA401, pA41O and pA41 1. Transcription initiated at
the EES of each recombinant was determined by quantitative SI nuclease
analysis as indicated in legend to Figure 1 and was expressed relative to
pAO, taken as 100%. In view of the requirement for stereospecific
alignment between the 21-bp repeat region and the enhancer (Takahashi et
al., 1986), the relative enhancer activities of the various constructions must
be considered as minimal values.

both in the presence and absence of the potential enhancer
sequences located upstream from the XbaI site (see above). As
shown in Figure 4, inversion of the entire domain B (pA305,
pA303 and pA31 1) or of a sequence containing its essential motifs
(pA202) does not result in a dramatic decrease of its activity.
Domain B in its reversed orientation stimulates transcription by

20-fold (compare pA305, pA303 and pA202 with pA233, and
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Table II. Effect of DNA insertions between enhancer domains A and B

Recombinant Size of insertion Relative transcription
(in bp) (%)

pAO 100
pA204 62 [63,61,62] (100)
pA205 4 48 [45,54,44] (77)
pA206 12 60 [51,60,67] (97)
pA207 18 55 [49,61,54] (88)
pA249 58 42 [35,48] (68)
pA250 91 9 [9,7,12] (15)
pA251 325 2.8 [2.3,3.4] (4.5)
pA252 780 0.9 [1.0,0.8] (1.5)

pA205 was constructed by 'filling in' the XhoI site of pA204 (Figure 2A)
using DNA polymerase I (Klenow fragment). In pA206, 12 nucleotides
(5'-TCGAGTCTAGAC-3') were inserted between positions 230 and 231 of
pA204 using synthetic oligonucleotides. In pA207, a segment of 18
nucleotides (a polylinker with restriction sites for XhoI, Narl and XbaI,
5'-CTCGAGGGCGCCTCTAGA-3') was inserted between positions 227 and
228 using 'shot-gun ligation' (Grundstrom et al., 1985). Recombinant
pA249, which contains an insert of 58 nucleotides between position 227 and
228, was constructed by cloning a 46-bp (random DNA sequence) between
the XhoI and XbaI site of the polylinker of pA207 using 'shot-gun ligation'
(Grundstrom et al., 1985). The constructs pA250, pA251 and pA252
contain pBR322 sequences of 91, 325 and 780 nucleotides in length,
inserted in the XhoI site of pA204, respectively. This was performed by
cutting pBR322 with either SphI (561), NruI (971) or AvaI (1424), treating
with DNA polymerase I (Klenow fragment), adding Sall linkers (8-mers),
excising the corresponding SalI fragments and inserting them into the XhoI
site of pA204.

pA311 with pA223), whereas the same domain in its natural
orientation enhances transcription by 40- to 100-fold (compare
pA233 with pA212, and pA223 with pA261). Similarly, the
enhancer activity is not dramatically affected when the entire
domain A (pA302, pA310) or a sequence containing its essen-
tial motifs (pA203) are inverted. Transcription is stimulated by

- 15- to 20-fold (compare pA302 and pA203 with pA234, and
pA310 with pA224), whereas the stimulation brought about by
domain A in its natural orientation is - 30- to 40-fold (compare
pA234 with pA212, and pA224 with pA261). These results sup-
port the notion that the ability of domains A and B to cooperate
in generating the enhancer activity does not critically depend on
their relative orientation.
To investigate whether one enhancer domain can functionally

substitute for the other, recombinants containing a dimer of either
domain were constructed (pA235, pA225, pA237 and pA227 in
Figure 4). It is clear that dimers of either domains A or B are
more efficient than the corresponding monomers in stimulating
transcription. However, wild-type enhancer activity is not achiev-
ed, even with multimers of domains A or B (data not shown).
It is worth noting that a recombinant in which the promoter-
proximal B domain of pA237 has been replaced by a random
sequence of identical length is not more efficient in stimulating
transcription than pA234, which contains a single B domain (data
not shown), indicating that the increase in transcription observ-
ed when domain B is duplicated is not related to an optimal
distance requirement between domain B and the 21-bp repeat
region. Thus, the enhancer activity, which is considerably
decreased when either domain A or B is deleted, can be restored,
at least to some extent, by duplicating either domain A or B.
Furthermore domain A can be replaced by a 48-bp segment of
the polyoma virus enhancer (positions 5090-5137, see Tyndall
et al., 1981; polyoma enhancer domain A, see Herbomel et al.,
1984) which contains a sequence motif in common with the
adenovirus ElA enhancer element and is duplicated in several

CL
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number of 72 or 94 bp sequences

Fig. 5. Effect of multiple copies of the 72-bp sequence and of the SV40
enhancer on enhancer activity. Transcription initiating at EES relative to
pAO (taken as 1) as a function of increasing number of 72-bp sequences
(two, four and seven copies, pAW2, pAW4 and pAW7, respectively) using
different amounts of recombinant DNA for transfection (-O-, 1.5 itg or
-O-, 0.15 jig DNA/6 x 106 cells). The transcriptional activity of
recombinants containing one to three copies of the 72-bp sequence (-*-,
pA71, pAW22, pAW23, respectively) or of the 94-bp sequence (position
179-272, cloned from pCWori, a gift of H.Kopecka and M.Girard;
-*-, pAW32, pAW33, respectively) is also shown when the enhancer is
separated from the 21-bp repeat region by an insertion of 43 nucleotides of
pBR322 sequence in the BamHI site of pAO (position 101). This
43-nucleotide insertion (from BamHI to Narl, pBR322 coordinates
375 -413) was obtained by adding a Bglll linker at the Narl site of
pBR322, isolating the resulting BamHI-BgIII fragment, inserting it at the
BamHI of pAO, and selecting for clones which restore the BamHI site
proximal to the enhancer. pAW52 (o) (Wildeman et al., 1984) is a
derivative of pAW22 containing a 8-bp deletion in the 72-bp repeat (position
174-181, see Benoist and Chambon, 1981). The transcriptional activity of
pAW22, pAW23, pAW32, pAW33 and pAW52 is expressed relative to
pA71 (itself 30% of pAO), taken as 1. -A-, transcription with increasing
number of 72-bp sequences (one, two and three copies, pA73, pA82 and
pA83, respectively) when the enhancer has been separated from the 21-bp
repeat region by inserting 600 nucleotides of pBR322 sequence, essentially
as described in the legend to Figure IE. The transcriptional activity of pA82
and pA83 is expressed relative to pA73 (itself 3.3% of pAO, Table I), taken
as 1.

polyoma virus variants (reviewed in Ruley and Fried, 1983;
Melin et al., 1985). The chimeric enhancer (pA411 and pA401)
appears to be 50-60% as efficient as the wild-type pAO SV40
enhancer, which is particularly striking, since the isolated
polyoma virus enhancer domain A (pA400, pA410) is as ineffi-
cient in stimulating transcription as the isolated SV40 domains
A or B (pA223, pA224, pA233, pA234). Thus, it appears that
transcriptional enhancement requires the presence of at least two
enhancer domains, which by themselves have very little activity
and whose synergy is, to a large extent, independent of their spac-
ing and relative orientation.
A linear increase of transcription with multiple-eopies ofthe SV40
enhancer
Most SV40 isolates contain a duplication of the 72-bp sequence
(the 72-bp repeat), although variants with only one copy (Waldeck
and Sauer, 1976; van Heuverswyn and Fiers, 1979; Subraman-
ian and Shenk, 1978) or with various deletions within the repeat
(Reddy et al., 1978; Benoist and Chambon, 1981) have been
found. This prompted us to investigate the enhancing activity of
multiple copies of the 72-bp sequence. There is a modest increase
up to four copies (Figure 5, open circles), when transfection is
performed under our standard conditions. However, when 10
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Fig. 6. Sequence elements homologous to the motifs present in the SV40
enhancer domain A. The two Sph-motifs I and II (positions 216-208 and
207-199) are indicated as in Figure 2A and B, the sequence

5'-ATGCAAA-3' homologous to the immunoglobulin heavy chain enhancer
(position 212 -206) is underlined, and the polyoma virus enhancer
homology (P-motif, position 196-186) is boxed. References for the various
sequence elements are as follows (see also text): LPV enhancer (Pawlita et
al., 1985; Mosthaf et al., 1985); BK virus (BKV) enhancer (Rosenthal et

al., 1983); Igx light chain enhancer (Picard and Schaffner, 1984; Queen
and Stafford, 1984); consensus sequences of the upstream promoter elements
of the immunoglobulin heavy (VH) and light (VL, opposite strand) chain
genes (Falkner and Zachau, 1984; Parslow et al., 1984); Ig heavy chain
enhancer (opposite strand, Ephrussi et al., 1985 and references therein; the
star indicates the C complementary to the G protected against
dimethylsulfate modification, see text); Xenopus Ul/U2 RNA genes (Mattaj
et al., 1985; Ciiberto et al., 1985; Krol et al., 1985); polyoma virus
enhancer (opposite strand, Veldman et al., 1985; Ruley and Fried, 1983).
For comparison the ElA-like motif of the polyoma virus enhancer (Hearing
and Shenk, 1983; Herbomel et al. 1984) is shown.

times less specific DNA is transfected, transcription increases
more dramatically, almost linearly up to seven copies of the 72-bp
sequence, with an approximate 3.5-fold increase between the
monomer and the dimer (Figure 5, open squares). The same

relative increases in transcription are observed when enhancers
containing multiple copies of the 72-bp sequence are separated
from the 21-bp repeat region by a 43-bp (Figure 5, filled squares)
or a 600-bp (Figure 5, open triangles) insert in the BamHI site
at position 101. An enhancer variant, in which there is an 8-bp
deletion in GT-motif I of the 72-bp sequence proximal to the
21-bp repeat region (from positions 174 to 181 of the 72-bp
repeat, see Benoist and Chambon, 1981), stimulates transcrip-
tion as efficiently as an intact 72-bp repeat (Figure 5, open dia-
mond). Enhancers containing multiple copies of not only the
72-bp sequence, but of the entire 94-bp region (position
179-272) are even more efficient in stimulating transcription
(Figure 5, filled circles). Thus, increasing the number of 72-bp
sequences, or even better the entire enhancer 94-bp sequence,

results in a linear increase of transcription with respect to that
achieved with the monomeric enhancer form. This linear increase
is in marked contrast to the dramatic non-linear increase brought
about by juxtaposing two enhancer domains (see above).

Discussion
7he SV40 enhancer domains
The present study shows clearly that the 72-bp sequence is not
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the SV40 enhancer, since sequences located further upstream are
essential for enhancer activity (pA104, Figure 2). Both deletion
and point mutation analyses indicate that the activity of the
minimal enhancer (containing one copy of the 72-bp sequence)
is spread over a region of -100 bp (185-275, Figure 2A). Two
domains A and B, which by themselves exhibit a very low
transcriptional activity, have been identified within this region.
The existence of a third domain C (position 298-347) located
upstream from the KpnI site, whose activity is barely apparent
when domains A and B are intact, is suggested because of the
ability of this DNA segment to rescue the truncated enhancer
present in the deletion mutant pA104 (see Figure 2A). That this
segment contains a potential enhancer activity is further supported
by the observations of Weber et al. (1984) and Swimmer and
Shenk (1984), who reported that duplication of sequences from
298 to 376 or 357, respectively, generates a functional enhancer.

Both domains A and B have genuine enhancer properties, since
mutations in either domain are equally detrimental to enhancer
activity when the enhancer is either in close apposition to the
21-bp repeat or moved 600 bp away (Figure 1 and Table I). Since
isolated domains A and B exhibit very little enhancer activity
(Figures 2 and 4), the 400-fold stimulation of transcription
brought about by their juxtaposition must involve some efficient
synergistic mechanism. Surprisingly, this synergy does not ap-
pear to depend critically on the relative orientation of either do-
main (i.e. each domain can function bidirectionally like the entire
enhancer) (Figure 4) or the exact distance between them (Table
II). Thus, the two enhancer domains A and B appear to behave
as individual domains, even though they functionally cooperate
to generate enhancer activity. However, maximal enhancer activ-
ity, which is achieved when the enhancer is close to the remain-
ing part of the SV40 early promoter, requires a stereospecific
alignment between some element(s) of domain A and the 21-bp
repeat region (Takahashi et al., 1986).
Enhancer activity can be generated by association of domains

A and B, by duplication of either domains A or B, or even by
replacing SV40 domain A by the polyoma virus enhancer do-
main A (Figure 4). Generation of enhancer activity by duplica-
tion of a non-functional enhancer domain has been previously
reported (Veldman et al., 1985; Weber et al., 1984; Swimmer
and Shenk, 1984; Herr and Gluzman, 1985). It is interesting to
note that, once the basic SV40 enhancer activity has been achieved
by associating domains A and B, increasing the number of 72-bp
sequences within the enhancer or polymerization of the entire
enhancer results in a further linear increase of enhancer activ-
ity. This observation suggests that the underlying mechanism is
different from that responsible for the burst of enhancer activity
generated by juxtaposing domains A and B.
Multiple sequence motifs in the SV40 enhancer
Perhaps one of the most striking properties of the SV40 enhancer
is that no individual point mutation decreases its activity by
> 8-fold (irrespective of the presence of enhancer domain C,
data not shown), which still represents an -50-fold enhance-
ment relative to an enhancerless promoter. This suggests that
many sequence elements are involved in generating full enhancer
activity. Although there are no strong overall sequence homol-
ogies between different enhancers, several short and degenerate
consensus sequences have been identified, but their functional
significance has been studied only in a limited number of
cases. On the basis of sequence homology between various en-
hancers and the results of a random mutagenesis, Weiher et al.
(1983) have suggested that the so-called 'core' sequence
GTGGA/TA/TA/TG plays a key role in enhancer activity. Our
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present systematic deletion and point mutation analysis confirms
their suggestion, but reveals that there are in fact several addi-
tional sequence elements which, within domains A and B, are
as critical for enhancer activity as the 'core' sequence.
Domain B contains two directly repeated sequence elements

(the GT-motifs) S'-GC/GTGTGGAAA/TGT-3' (Figure 2), parts
of which are crucial for enhancer activity. The downstream GT-
motif I includes the 'core' sequence. The sequence TGG (posi-
tions 269-267 and 246-244, Figure 2) appears particularly im-
portant. Mutations of the other residues of this sequence element
seem better tolerated in GT-motif I than in GT-motif II. Addi-
tional sequences located downstream from each motif are also
involved in enhancer activity. GT-motif II is followed by an alter-
nating purine/pyrimidine cluster, whose alteration has only a
moderate effect on transcription (pA7, Figure 2), whereas GT-
motif I is followed by the repetition of the sequence
5'-TCCCCAG-3' (the TC-motif, Figure 2), of which only the
upstream one is important for enhancer activity. It is striking that
the tandem duplications of Herr and Gluzman (1985), which
resuscitate SV40 by restoring the activity of enhancers mutated
in their alternating purine/pyrimidine motifs, have the sequence
5'-TGTGGAAAGTCCCCA-3' in common. This sequence en-
compasses exactly the residues which, within and downstream
from GT-motif I, are important for enhancer activity in our tran-
sient assay in HeLa cells (see Figure 2A). It is noteworthy that

246 236
the SV40 sequence 5'-TGGAAAGTCCC-3' is found in four
18-bp direct repeats present in the human cytomegalovirus en-
hancer (Boshart et al., 1985) and that the SV40 sequence
236 228

5'-CCAGGCTC(C-3'is present in the opposite orientation as a
direct repeat in the promoter region of the hypoxanthine phos-
phoribosyltransferase gene (Melton et al., 1984). Both GT-motifs
are clearly required for enhancer activity, since deleting either
of them abolishes its function (pA59, and compare pAl04 with
pA260 in Figure 2A). That the sequence 5'-GGTGTGG-3' pre-
sent in the two GT-motifs is also repeated in other enhancers
[bovine papillomavirus (Lusky et al., 1983; Weiher and Botchan,
1984), adenovirus ElA (Hen et al., 1983), immunoglobulin x-
light chain (Queen and Stafford, 1984)] further supports this con-
clusion. While the centres of the two GT-motifs are separated
by 23 bp, there appears to be no stringent distance requirement
between them, since inserting 5 bp at position 257 (pA214, 23%
of pAO; see also Figure 3B and pA213 in Figure 2A) does not
abolish domain B activity. Furthermore, deleting GT-motif II can
be compensated for by juxtaposing domain C to GT-motif I (com-
pare pA104 with pA54 in Figure 2A). Thus domain B may be
composed of two subdomains BI and B2, both of which are re-
quired to generate an active domain B, but which can function,
at least to some extent, independently of one another.
The directly repeated Sph-motifs 5'-AAGT/CATGCA-3',

whose equivalent residues are separated by 9 bp, clearly repre-
sent one of the key features of domain A (Figure 2). Both motifs
are required to generate an active domain A (see deletions pA62,
Figure 2A and data not shown). Sequence elements closely related
to the Sph-motifs are found as a single motif in the BK virus
(Rosenthal et al., 1983) and as a repeat in the lymphotropic
papovavirus (LPV) (Furuno et al., 1984; Pawlita et al., 1985;
Mosthaf et al., 1985) (see Figure 6), where their function has
not yet been studied. The Sph-motif is also present in the immuno-
globulin x-light chain enhancer (Picard and Schaffner, 1984;
Queen and Baltimore, 1983), where its deletion is detrimental

to enhancer activity (Queen and Stafford, 1984). In addition, the
juxtaposition of the two Sph-motifs in the SV40 enhancer
generates a sequence element which is present in the immuno-
globulin heavy chain enhancer (Banerji et al., 1983; Gilles et
al., 1983; Neuberger, 1983) and in the upstream elements of
the promoters of the VH and VL immunoglobulin genes (Falkner
and Zachau, 1984; Parslow et al., 1984) (Figure 6). A homol-
ogous motif, which exhibits enhancer properties (Mattaj et al.,
1985), has also been described in a conserved sequence of a distal
element of the Xenopus Ul and U2 RNA genes (Mattaj et al.,
1985; Ciliberto et al., 1985; Krol et al., 1985). It is interesting
to note that the G residue complementary to the C present in
this sequence in the immunoglobulin heavy chain enhancer (see
Figure 6) is protected against dimethylsulfate methylation in
lymphoid B cells, but not in other cell lines, which suggests that
this sequence interacts with a protein specifically in lymphoid
B cells (Ephrussi et al., 1985). Since a mutation affecting this
G is apparently not detrimental to SV40 enhancer activity in HeLa
cells (pA24 in Figure 2A), it will be interesting to determine
whether the same mutation will affect its activity in cells of the
B lineage. This homology to the immunoglobulin heavy chain
enhancer is not present in the polyoma virus enhancer domain
A, which can efficiently substitute for SV40 domain A in HeLa
cells, which raises the question as to whether the SV40-polyoma
virus chimeric enhancer will efficiently activate transcription in
lymphoid cells. The downstream Sph-motif (Sph-motif I), but
not the upstream one (Sph-motif II), contains an 8-bp stretch of
alternating purine/pyrimidine residues, within which mutations
are detrimental to enhancer activity (Figure 2). As already dis-
cussed, the contribution of this sequence to enhancer activity can-
not be simply ascribed to its potential to form a Z-DNA structure.
In this respect, we note also that replacing SV40 domain A by
polyoma virus domain A in the chimeric enhancer of pA411
(Figure 6) does not strongly decrease the enhancer activity,
although the polyoma virus domain A does not contain any poten-
tial Z-DNA structure.
Domain A contains an additional sequence motif which is defin-

ed by mutants pA29 - pA30. The sequence 5'-TCAATTAG-
TCA-3' (called hereafter the P-motif) is found (in the opposite
strand) in the polyoma virus enhancer domain A, where it par-
tially overlaps the adenovirus ElA-like enhancer motif (see
Veldman et al., 1985; Herbomel et al., 1984 and Figure 6). A

258 251
P-motif related sequence TCAGTTAO is also present in SV40
domain B where its mutation is detrimental to enhancer activity
(see Figure 2). The P-motif is duplicated in a variety of natural-
ly occurring polyomavirus isolates and in mutants which are
selected for growth in PCC4 teratocarcinoma cells (reviewed in
Ruley and Fried, 1983; Melin et al., 1985), suggesting that it
corresponds to an important element of the polyoma enhancer.
Since a 26-bp polyoma virus segment which contains both the
P-motif and the ElA-like enhancer motif acquires enhancer
activity when polymerized (Veldman et al., 1985), it would be
interesting to determine which of the two motifs (ElA-like or
P-motif or both) of the polyoma virus domain A is functional
in the chimeric SV40-polyomavirus enhancer. In this respect it
is worth noting that although the wild-type polyoma virus
enhancer is almost inactive in embryonal carcinoma (EC) cells
(F9 and PCC3), our chimeric enhancer is as active in these cells
as in HeLa cells (our unpublished results), indicating that
exchanging domain B of the polyoma virus enhancer for domain
B of the SV40 enhancer results in an enhancer active in EC cells.
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Modular organisation of enhancers
In conclusion, we have demonstrated that the SV40 enhancer is
composed of several sequence motifs whose integrity is required
for full enhancer activity in HeLa cells. These motifs belong to
two major domains which have very little stimulatory activity
by themselves, but generate a very potent enhancer when
associated, suggesting the involvement of some type of coopera-
tivity, the mechanism of which is unknown at present. All known
viral and cellular enhancers contain short sequence stretches
which exhibit some homology to one or several of the SV40
motifs, and when investigated, their importance for enhancer ac-
tivity has indeed beeen demonstrated (Weiher et al., 1983; Hen
et al., 1983; Weiher and Botchan, 1984; Queen and Stafford,
1984). It appears, therefore, that enhancers are made up of several
sequence motifs which have been combined in various ways dur-
ing evolution. Results reported elsewhere (Wildeman et al., in
preparation) strongly suggest that the role of the various SV40
motifs is to bind specific trans-acting factors involved in enhancer
function (Scholer and Gruss, 1984; Mercola et al., 1985;
Wildeman et al., 1984; Sergeant et al., 1984; Sassone-Corsi et
al., 1985). Thus, the redundancy of enhancer motifs in SV40
may only be apparent if one assumes that some of the trans-acting
factors are host- or cell-type specific, and that the ubiquitous ac-
tivity of the SV40 enhancer is related to the multiplicity of its
enhancer motifs. In this respect we note that the activity of the
polyoma virus enhancer which lacks the Sph-motif and the
duplication of the GT-motif, is restricted to certain cell types (see
Ruley and Fried, 1983 for references), but that mutants active
in some of these cells contain duplications of either polyoma virus
enhancer domain A or B (reviewed in Ruley and Fried, 1983;
Melin et al., 1985). Similarly, the cell-type specificity of the
human polyomavirus JC is modified by multiplication of a GT-
motif-like sequence (Miyamura et al., 1985). In this respect, it
is also worth recalling that our chimeric SV40-polyoma virus
enhancer, in which the polyoma virus enhancer domain B is
replaced by the SV40 domain B, is active in EC cells.

Thus, host-range and cell-type specificity of enhancer activity
may be achieved both by the presence (either singly or duplicated)
or absence of a given motif and the presence or absence of the
corresponding specific trans-acting factor. Absence of a given
motif or of its cognate trans-acting factor may be compensated
by duplication of another motif. Obviously, such a modular
organization of enhancers would enormously increase the com-
binatorial possibilities of transcriptional control of gene expres-
sion. The set of SV40 mutants described in the present study
will be very useful to test these hypotheses.

Materials and methods
Recombinant plasmids were introduced into HeLa cells by the calcium phosphate
co-precipitation technique (Banerji et al., 1981). Semiconfluent HeLa cells
(-6 x 106 cells per 150 cm2 Petri dish) were transfected with 1.5 /kg of pA
plasmid DNA, 4.5 jg of the reference gene p,3(244+),B (De Villiers and Schaff-
ner, 1981) and 21 jig of pBR322 DNA. After 24 h at 37°C the medium was
removed, the cells washed with phosphate-buffered saline (PBS) and fed again
with fresh culture medium [Dulbecco's modified Eagle's minimal essential medium
(Gibco), containing 2.5% fetal calf serum, 2.5% calf serum, 500 U/ml penicillin,
40 pLg/ml gentamycin and 100 ytg/ml streptomycin]. Cytoplasmic RNA was
prepared 40-50 h after transfection by lysing the cells with 0.5% Nonidet P-40.
5-25 Itg ofRNA were hybridized with an excess of single-stranded 32P 5' end-
labeled DNA probe (see below) at 42°C in 50% (v/v) formamide, 400 mM NaCI,
40 mM Pipes, pH 6.5, 1 mM EDTA. After SI nuclease digestion (BRL, 170 units
at 25°C for 2 h) the protected DNA sequences were resolved in 8% polyacryl-
amide/8.3 M urea/salt gradient gels (Biggin et al., 1983). The single-stranded
DNA probe was prepared by first hybridizing a synthetic oligonucleotide,
5'-GCACCATTCTGTCTGTTTTGGG-3', complementary to positions +39 to
+60 of the rabbit 3-globin gene to single-stranded M13mp8,ISV phage DNA

which contains the EcoRl/TaqI fragment of pA0 (SV40 coordinate 346 to ,B-globin
coordinate +307) cloned between the EcoRI and AccI sites of Ml3mp8. After
primer extension, performed essentially as described elsewhere (Grundstrom et
al., 1985), and digestion with EcoRI, the single-stranded DNA (SV40 coordinate
346 to (3-globin coordinate +60) was purified by polyacrylamide gel electrophoresis
(6% polyacrylamide, 8.3 M urea) and recovered by electroelution. Aliquots of
this single-stranded DNA preparation were then 5' end-labeled with [-y-32P]ATP
using T4 polynucleotide kinase.
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